Introduction
Nonmetallic inclusions in steel are mainly composed of deoxidation products, and they adversely affect the toughness, fatigability and ductility of steel because of their high melting points and hardness. For example, it is very important to avoid the formation of Al 2 O 3 and spinel (MgO · Al 2 O 3 ) during the deoxidation of molten iron for high-grade wire and bearing steels. Several thermodynamic studies on the deoxidation equilibria of the Fe-Mg-Al-O and Fe-Ca-Mg-Al-O systems have been reported and the phase equilibrium relationships between each oxide (or compound) and the composition of the solutes in molten iron have been clarified in the MgO-Al 2 O 3 and CaOMgO-Al 2 O 3 systems. [1] [2] [3] 'Oxide metallurgy' is the control of inclusions and has been carried out to improve the properties of steel.
4) The toughness of steel can be improved by finely dispersing nonmetallic inclusions in steel and by causing it to act as a product nucleus of ferrite in the grain. On the other hand, titanium oxide finely dispersed in steel and complex deoxidation including in titanium is considered to be effective for the above-mentioned purpose. 5) A determination of the equilibrium relationship between the oxide compounds in MgO-Al 2 O 3 -Ti 2 O 3 and molten iron is important to avoid Al 2 O 3 or MgO · Al 2 O 3 formation and for inclusion control. However, our previous work 6) is the only study that has reported on this and the equilibrium relationship between the deoxidation products and the composition of the solute elements in molten iron was investigated at 1 973 K. Therefore, in this study we investigated the equilibrium relationship between the oxide compounds in MgO-Al 2 O 3 -Ti 2 O 3 and molten iron at 1 873 K.
Experimental
Ti 2 O 3 was made using reagent grade TiO 2 (purity Ͼ99 %) and Ti (purity 98 %) by mixing them in a mole ratio of 3 : 1. The mixture was put into an alumina crucible and this crucible was put into a carbon crucible with a lid and inserted into an electric resistance furnace. The sample was held for 18 h in the furnace at 1 023 K under argon. After removal from the furnace the compound was cooled under argon and the formed Ti 2 O 3 was then crushed to a powder before being used for the following experiments.
To determine the equilibrium compounds at 1 873 K in the MgO-Al 2 O 3 -Ti 2 O 3 system the following experiments were conducted: We mixed Ti 2 O 3 , reagent grade MgO (purity Ͼ99 %) and reagent grade Al 2 O 3 (purity 99.6 %) to obtain a total weight of 5 g. The composition is shown in Table 1 and the mixture was put into an alumina crucible (O.D.15 mm, I.D. 12 mm, height 100 mm). The sample was then put into a carbon crucible containing a lid and inserted into an electric resistance furnace. It was held in the furnace at 1 873 K under argon for 18 h and then it was withdrawn from the furnace and rapidly cooled under argon. The center of the sample was analyzed by XRD and the formed compounds were identified.
Equilibrium experiments using the oxide compounds that formed in the MgO Fig. 1 . High purity electrolytic iron weighing about 6 g, which was deoxidized with H 2 at 1 873 K using an induction furnace, was then added to the mixture of oxides. The alumina crucible was put into a carbon crucible containing a lid and was inserted into an electric resistance furnace. The sample was heated to 1 273 K at a heating rate of 6.7 K/min under argon and was kept there for 1 h. The sample was then heated to 1 873 K at a heating rate of 6.7 K/min under argon and kept there for 13 h. The sample was then removed from the furnace and cooled in an argon stream. After each experiment, the formed oxide compounds at the interface of the oxide and the iron were identified by XRD. The titanium, magnesium and aluminum contents of the iron were analyzed by inductively coupled plasma emission spectrometry (ICP). The oxygen content of the iron was analyzed by inert gas impulse infrared absorption spectroscopy. The initial composition of the oxides is shown in Table 2 .
Results
We initially investigated the equilibrium compounds at 1 873 K in the MgO-Al 2 O 3 -Ti 2 O 3 system at the initial composition shown in Table 1 . The equilibrium phases for each sample were identified by XRD. The results for samples A4 and A12 are representative of all the samples and are shown in Fig. 2 Fig. 3 .
Subsequently, the equilibrium relationship between the oxide compounds in the MgO-Al 2 O 3 -Ti 2 O 3 system with molten iron was investigated at 1 873 K. The initial composition of the oxides is shown in Table 2 . The composition of samples B1 to B4 and samples B5 to B8 are identical to that of A4 and A16, respectively. Results of the XRD analysis at the interface of the oxide and the iron for samples B1 and B5 are shown in Fig. 4 . The equilibrium phases were Table 1 . Initial oxides composition and equilibrium phases at 1 873 K. (5), respectively. The equilibrium constant for each reaction can be determined using Eqs. (2), (4) and (6) (7) where a i and h i denote the activity of i relative to the pure solid and the activity of i relative to a 1 mass% dilute solution, respectively. [% i] denotes the concentration of component i in iron [mass%], f i is the Henrian activity coefficient of component i relative to the dilute solution and e i j is the first order interaction parameter of i on j in iron. The activity of Ti 2 O 3 , a Ti 2 O 3 , is unity assuming the existence of a pure solid. Similarly, the equilibrium constants for Eqs. (3) and (5) The doubly saturated curve for Ti 2 O 3 and MgTi 2 O 4 can be described by solving Eqs. (7) and (8) (7) and (9) or Eqs. (8) and (9), respectively. The relationship between the four elements (Ti, Mg, Al and O) in molten iron needs to be considered. By fixing the content of one component, the relationship between the other three components can be determined from the two equilibrium equations. The relationship between the Al and Ti contents of molten iron was calculated at 1 873 K using Eqs. (7) through (9) and the interaction parameters are shown in [%O]
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[%Al] . The calculated iso-oxygen curves are also described in Fig. 5 
Conclusions

